To fully understand the potentially harmful effects of prenatal stress exposure impacts, it is necessary to quantify long-term and episodic stress exposure during pregnancy. There is a strong body of research relating psychological stress to elevated cortisol levels in biomarkers. Recently, maternal hair has been used to measure cortisol levels, and provides the unique opportunity to assess stress exposure throughout gestation. Understanding how cortisol in the hair is related to more common biomarkers, such as, blood, saliva and urine is currently lacking. Therefore, we developed a biokinetic model to quantify the relationships between hair, blood, saliva and urine cortisol concentrations using published literature values. Hair concentrations were used to retrospectively predict peaks in blood and saliva concentrations over days and months. Simulations showed realistic values in all compartments when results were compared with published literature. We also showed that the significant variability of cortisol in blood leads to a weak relationship between long-term and episodic measurements of stress. To our knowledge, this is the first integrative biokinetic cortisol model for blood, urine, hair and saliva. As such, it makes an important contribution to our understanding of cortisol as a biomarker and will be useful for future epidemiological studies.
INTRODUCTION
Prenatal stress exposure has important health consequences for the developing fetus as well as long-term adult well-being. Examining both prenatal stress exposure and vulnerability to environmental contamination has brought a new focal point to prenatal environmental health risk assessment. 1 As social stress and physical environmental contaminants can perturb similar biological systems, 2,3 the potential for synergism and enhancement of health impacts should be taken into account in cumulative risk assessment. 4 This is especially important considering many toxicant and stress exposure distribution profiles overlap, with low-income and minority women having the greatest exposure risks. 1 The prenatal period is a unique window of susceptibility for maternal stress exposure 5, 6 and although not every study has shown a positive association between prenatal stress and disease outcomes, there is mounting evidence that prenatal stress exposure is associated with immediate and longterm health problems for the developing child. 5, 7 Epidemiological studies have shown that the incidence preterm birth, 6 preeclampsia 8 and gestational hypertension 9 increase in women reporting anxiety and stress during pregnancy. In addition, chronic maternal stress can increase the risk of delivering a low-birthweight infant. 7, 10 Low birth weight is associated with long-term consequences, such as adult onset diabetes and hypertension. 11, 12 It is also suggested that children exposed to prenatal stress may experience alternations in cognitive development 2, 13 and be at increased risk for mental health disorders later in life. 7, 14, 15 Recently, childhood asthma risk has been associated with both prenatal stress exposure and environmental air pollution. 3 Although these examples highlight the importance of maternal stress assessment in children's environmental health research, there are still many difficulties in quantifying maternal stress for use in epidemiological studies.
Maternal stress is most frequently assessed through questionnaires or biomarker measurements. Environmental stress exposure stimulates the hypothalamus-pituitary adrenal axis to release pulses of cortisol into the bloodstream, which can then be used as a biomarker. Cortisol is convenient because it can be measured in blood, saliva and urine and has recently been quantified from hair samples. As cortisol responds to environmental stressors through brief pulses in the blood, instantaneous measurements of cortisol only reflect current stress levels. The substantial within-individual variability of these measurements 16, 17 makes extrapolation to chronic stress challenging. Therefore, multiple blood and saliva samples are required to characterize chronic or daily stress levels, 16 with most studies using at least three saliva samples (waking, 30 min post waking and bedtime). 18 The challenges associated with the pulsatile nature of cortisol may have contributed to some of the mixed results relating cortisol to prenatal stress. 6, 13, 19, 20 Urinary free cortisol concentrations can reflect stress levels in recent hours but also lack the ability to provide a long-term or retrospective look at cortisol secretion patterns. Hair cortisol, in contrast to other methods, can provide a longitudinal record or stress exposure over recent months. The relationship between hair and blood cortisol is especially important for maternal stress assessment. Cortisol is most likely incorporated into hair by passive diffusion from the blood into the hair follicle. 21 Therefore, as hair grows, a temporal record of blood cortisol concentrations is created, making hair samples a relatively noninvasive, quick method of assessing cortisol levels for the past 9 months, possibly longer. [22] [23] [24] This allows maternal hair cortisol samples to be used to assess fetal exposure to environmental stress by the trimester of development. 23, 24 However, hair alone is less able to reflect episodic cortisol peaks in the blood. These differences lead to challenges in developing a single, comprehensive tool for maternal stress assessment and highlight the need for an integrative biokinetic model for cortisol.
In order to incorporate maternal stress assessment in children's environmental health research, it is necessary to develop a minimally invasive sampling method that is able to address both chronic and episodic peaks in stress throughout pregnancy without requiring the study participant to remain at a clinic. Episodic peaks in cortisol in the blood may have unique effects on the developing fetus and are therefore important to characterize in maternal stress assessment. 16, 25 Improving the characterization of cortisol biokinetics and the relationship between cortisol concentrations in blood, saliva, urine and hair will help increase our understanding of how pulses of cortisol in the blood have an impact on hair, urinary and salivary cortisol concentrations and increase the utility of biomarker samples in epidemiological studies.
The development of a biokinetic model to integrate cortisol concentrations across biomarker compartments is important to understanding how cortisol relates to acute and chronic stress. Biokinetic models for cortisol transfer from blood to saliva, 26 metabolism, 27, 28 and urinary and fecal excretion 29 have previously been published. However, none of these models relate more than two biomarker concentrations or consider the incorporation into hair. We have created a model of cortisol biokinetics with the ability to estimate pulsatile concentrations in blood from the baseline concentration determined by hair cortisol analysis. In addition, the transfer of cortisol between blood, hair, saliva and urine is modeled, increasing the utility of biomarker samples. This model was designed to be directly applicable to the National Children's Study, as understanding the relationship between multiple biomarkers increases their utility in longitudinal cohort studies.
METHODS

Model Representation
In this model, cortisol is released in a pulsatile manner to the blood (Figure 1 ). Free cortisol in the blood can move into other compartments by binding with albumin or corticosteroid-binding globulin (CBG), metabolism or excretion. Although cortisol passes through fat and liver cells, it is not stored in the body and the effects of these compartments are negligible in this context. 29 We obtained parameters to calculate the rate constants for cortisol transfer between compartments from peer-reviewed literature. All model parameters are shown in Supplementary Table S1. Free cortisol was introduced to this framework through a probabilistic function and partial derivatives expressed the transfer between compartments mathematically. We ran the model and generated the graphics using R version 2.14.2.
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The steps to model development and the biokinetic framework are shown in Figure 1 .
Model Parameterization
Protein binding. Once released into the bloodstream, cortisol quickly binds to CBG and albumin. 31 Although both free and bound cortisol contribute to the total cortisol concentration in the blood, only free cortisol is bioactive. Albumin is present in the blood at concentrations around 710 mM 32 and binds to cortisol in a complex cooperative manner with low affinity (equilibrium dissociation constant: 137,800 nM 33 ). Therefore, it was considered non-saturable within the physiologically normal concentrations of total cortisol (200-1800 nM). CBG, on the other hand, binds cortisol with high affinity (equilibrium dissociation constant: 33 nM 33 ) and is found in the blood at about 765 nM; 34 therefore, this interaction is characterized as saturable. Dorin et al. 33 created and validated a model for the binding characteristics of cortisol. 33 Using two equilibrium equations and three conservation of mass equations that were combined to yield a cubic equation for free cortisol, the model calculates free cortisol from total cortisol measurements. Cubic equations for free cortisol are presented in the Supplementary equation S1. We used the model presented by Dorin et al. 33 to account for cortisol binding in our model.
Saliva transfer. Current research suggests that cortisol is transferred to saliva by direct diffusion from the blood. 26 Perogamvros et al. 26 compared a time series concentration plot for free cortisol in the serum with cortisol in the saliva following oral dosing of cortisol. 26 The following two important results from Perogamvros et al. influenced our model: (1) once the dose was absorbed, there was no significant lag between the spike of free cortisol in the blood and the saliva and (2) the ratio between free blood and salivary cortisol was fairly constant. 26 Therefore, we assumed that salivary cortisol levels are at instantaneous equilibrium with free cortisol concentrations in the blood. Using this assumption and the data from Perogamvros et al., 26 we concluded that 2.6 is an appropriate equilibrium ratio between blood and saliva.
Fecal excretion. In our model, fecal excretion of cortisol is considered to be directly related to the amount swallowed in saliva. On the basis of the ratio of free cortisol in the serum to free cortisol in the saliva, it is possible to determine the total amount of cortisol transferred to saliva in a day, given an average amount of cortisol in the blood. Assuming that the 
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Step 2: Model Parameterization Figure 1 . The steps for model development, validation and optimization within the biokinetic framework for the model.
Step 1, development of the biokinetic framework, is shown by the flowchart in the center with free cortisol in the blood moving into hair, urine and saliva as well as being metabolized and binding with CBG and albumin. Rate constants are represented by the arrows connecting the compartments. K u is the rate constant for cortisol excretion in urine, K m is the rate constant for cortisol metabolism, K s is the rate constant for cortisol transfer to saliva and K h is the rate constant for cortisol incorporation into hair.
Step 2 involves introducing pulses of free cortisol into the framework developed in step 1. The pulses are represented by the spikes in the arrow linking step 2 to the free blood compartment.
Step 3, introduction of variation, was the last step in the model development. Steps 4 and 5 involved the validation and optimization of the model. average person produces and swallows 1.5 l of saliva daily, 35 the total amount of cortisol swallowed can be calculated and assumed to be the amount of cortisol excreted in feces. Early studies using radiolabeled cortisol showed that about 20% of cortisol is excreted in feces. 29 We compared the amount expected to be excreted through transfer to saliva and swallowing with 20% of total cortisol in the blood by evaluating the following formula (equation (1)), where F nmol/l is the free cortisol in the serum, there are 2.7 l of serum in the average woman, the ratio of cortisol in serum compared with saliva is represented by 2.6 and there are 1.5 l of saliva swallowed daily.
Therefore, we considered this assumption to be reasonable and moved forward building the model based on the assumption that cortisol is transferred from blood to saliva, swallowed and excreted in feces. We calculated the rate constant for fecal excretion of cortisol with equation (2). Here, K s , the rate constant for free cortisol transfer to saliva and excretion in feces is represented by the concentration of free cortisol in the serum (F) based on the geometric mean free cortisol concentration of 7.12 nmol/l 36 assuming there are 2.7 l of serum 35 and that the ratio of free cortisol in the blood to cortisol in the saliva is roughly 2.6. 26 This also assumes that the average person produces and swallows 1.5 l of saliva daily. 35 Finally, we use the 24 h to convert the rate constant to units of proportion per hour.
Urinary excretion. As most of the cortisol produced is metabolized before excretion, only a small fraction of unmetabolized cortisol is excreted in urine. Finken et al. 37 measured urinary-free cortisol excretion in women. 37 The average amount of urinary-free cortisol excreted per day was 414 nmol. 37 Coupling this data with a geometric mean amount of total cortisol produced per day from Young et al. 36 and the Dorin et al. 33 model for free cortisol, we calculated a geometric mean concentration of free cortisol in the serum (7.12 nmol/l) and multiplied it by 2.7 l of serum in the average woman. 35 The rate constant for urinary excretion of free cortisol (K u h À 1 ) is shown in equation (3) . UFC is urinary-free cortisol (414 nmol 37 ), F is the free cortisol in the blood (7.12 nmol/l), 2.7 is the liters of serum in average women and 24 converts the rate constant to units of portion per hour.
Incorporation into hair. The most likely mechanism for cortisol incorporation into hair is through passive diffusion. 21 The rate of incorporation into hair was determined based on hair density and growth rate. Assuming all hair growth is derived from biological molecules in the bloodstream, the density of hair along with the average concentration of cortisol in the bloodstream can be used to determine the rate of cortisol incorporation into hair. In order to do this, we assumed the following: 1 cm per month growth rate, 100,000 strands of hair/head, 0.07 mg/cm per strand, 38, 39 21 pg/mg average hair concentration 40 and 2.7 l of serum/woman 35 with a geometric mean free cortisol concentration of 7.12 nmol/l in the blood. 36 The rate constant for cortisol incorporation into hair (K h h À 1 ) is expressed by the product of the concentration of cortisol in the hair (HF nmol/g) and the total amount of hair growth per month (H, g per month) divided by the product of the amount of free cortisol in the serum (F, nmols), the liters of serum in the average woman (2.7 l) and the number of hours per month (720 h per month), equation (4) .
HF nmol=gÂH g per month F nmol=lÂ2:7 lÂ720 h per month ð4Þ
Metabolism. The three main mechanisms of cortisol clearance are urinary and fecal excretion and metabolism. Although excretion through incorporation into hair is an important part of this model, the contribution to overall clearance is relatively small. As we were able calculate rate constants for urinary and fecal excretion and we have an overall half-life from Young et al., 36 we used a simple subtraction equation to calculate the rate constant for metabolism. We adjusted the half-life from Young et al. 36 to account for only free cortisol, based on our binding parameters. In equation (5), total clearance is calculated from the half-life. K f is the fecal excretion rate constant, K m is the metabolism rate constant, K u is the urinary clearance rate constant and K h is the rate constant for incorporation into hair.
Total elimination rate constant
Final rate constants. The rate constants used for transfer of free cortisol to saliva, excretion in urine and metabolism are shown in Figure 1 . Consistent with urinary analysis, most cortisol is metabolized before excretion. 37 The
Free cortisol excretion and metabolism. Free cortisol in the blood's appearance is modeled as a discrete event at time t shown by equation (6) . For a pulse, Pulse(t) at time t, we add the pulse to the free cortisol level F(t) at the time immediately previous to T.
The disappearance of cortisol in the blood is shown by combining the rate constants derived previously, in equation (5) to create the new equation (7).
Equations (8)- (11) show the partial derivatives for cortisol transfer across compartments. Equation (8) shows the metabolism (M) and equation (9) shows the urinary excretion (U) of free cortisol in the blood.
Equation (10) shows the transfer of free cortisol from the blood to saliva (S) and then excretion as feces, and equation (11) shows the incorporation of free cortisol from the blood to hair (H).
F is the concentration of free cortisol, K m is the rate constant for the metabolism of free cortisol, K u is the rate constant for the urinary excretion of free cortisol, K s is the rate constant for the transfer for cortisol to saliva and K h is the rate constant for the incorporation of cortisol into hair. A fourth-order Runge Kutta method was used with the R package ''Desolve''. 30, 41 For each pulse, we calculated a discrete event where at pulse time t, we stopped the simulation to obtain F(t À ) in equation (6), and then restarted it with a new initial condition (F(t À ) þ Pulse F(t)) with a stop at the next pulse.
Model Variability
In order to incorporate aspects of natural variability in the stress response, we have included probabilistic distributions for pulse characteristics, binding proteins and diurnal rhythms.
Pulse variability. Young et al. 36 studied cortisol pulsatility in women. Cortisol pulsatility is highly variable, both within and between individuals. 36 Therefore, the number of pulses per day, pulse height, average baseline and half-life were considered to be distributed based on the means and SD reported in Young et al. 36 The data used are reported in Supplementary Table S1 .
Binding protein variability. Both CBG and albumin concentrations vary significantly between individuals. We assigned both CBG and albumin to probabilistic distributions so that this variability is incorporated. The CBG concentration was given a geometric mean of 765 nmol/l and a geometric SD of 1.27 based on combining the data for non-pregnant women. 34 The albumin concentration was given a geometric mean of 710 mmol/l and geometric SD of 1.05. 32 Natural variability of CBG and albumin in nonpregnant and pregnant women is shown in Supplementary Figure S1 . As data for between-and within-individual variable of CBG are not available, we assumed the measured variability reflected between-individual variability.
Diurnal variation. Cortisol concentrations are lowest at night and gradually rise through the early morning to peak shortly after awakening. After the morning peak, the level slowly declines until nighttime, decreasing by about 50%. 36 These natural diurnal rhythms of cortisol were accounted for by using a changing baseline. The patterns for diurnal variation, shown in Supplementary Figure S2 , were obtained by using a spline approximation to the diurnal variation curve, as in Gou et al., 42 which was also used in the analysis of Young et al. 36 Young et al. 36 show this as a baseline average of the 10-min intervals used across the day; see Supplementary Table S1 . Our reconstruction of the curve matches this average. The baseline is decreased by 50% during the night hours.
Between-and within-individual variation. As our model will be run longitudinally, it is necessary to address between-and within-individual variation. The intra-class correlation coefficient for blood cortisol in a US population is reported to be 0.37. 17 We used this as an estimate to distinguish between-and within-individual variability in the model. Cortisol pulses are released into the model from a probabilistic construct. The inter-class correlation coefficient relates cortisol pulse height and frequency within an individual to a different degree than cortisol pulses across individuals, thereby allowing us to run the model for multiple individuals across multiple days.
Model Simulation and Validation
Using the blood cortisol concentration and variability data from Young et al., 36 (shown in Supplementary Table S1 ) as input, we can the model 500 times and assessed the concentration of cortisol accumulating in hair and compared this with three published studies of hair cortisol concentrations. Given the substantial variability in blood cortisol profiles, a variety of hair concentrations can be modeled. We used the parameters in Supplementary Table S1 to construct random samples of pulses per day, pulse heights and half-life based on log-normal distributions with the geometric means and SD shown in Supplementary Table S1 . The timing of the pulses was based on a random sample without replacement of eachminute interval across the day to select the minutes at which pulses occurred. We ran the model 500 times and assessed the hair concentrations, comparing them with the hair concentrations in the published literature. 23, 40, 43 Model of the Optimization of Cortisol-Sampling Protocol In order to promote the optimization of cortisol-sampling protocols, we examined the connection between a single blood draw and a month of hair growth in terms of cortisol concentrations. We ran 500 simulations of a morning blood peak and corresponding hair samples. We also assessed the variability of cortisol in blood by running the model 500 times and creating hourly distributions of concentrations.
RESULTS
Model Simulations
Before we introduced series of pulses into the model, we assessed how single pulses are reflected in free cortisol, bound cortisol and total cortisol. We introduced a 100nmol/l pulse in total cortisol and partitioned it between albumin bound, CBG bound, free cortisol based upon binding characteristics. We showed that as CBG has a high affinity for cortisol, it has a longer half-life compared with free and albumin-bound cortisol. Replication of this concept is shown in Supplementary Figure S3 .
In Figure 2 , we show a month-long simulated blood cortisol concentration, as it is changed by baseline diurnal variation and pulsatile secretion. The blood cortisol profile shown in Figure 2 correlates to a hair concentration of 21 pg/mg. The change in the rate of incorporation into hair is based on the concentration of cortisol in blood. Therefore, the pulsatile secretion of cortisol in blood is reflected in hair by changes in the incorporation rate. The change in rate of incorporation into hair and transfer to saliva is shown in Figure 3 and this concept is further demonstrated in the Supplementary Figure S4 . The total accumulation in hair shown in Figure 3 is comparable with a cortisol concentration of about 25.8 pg/mg.
Model Validation Using the input data described above, we ran the model 500 times and report a geometric mean hair concentration of 27 pg/mg ±1.73. We compare our modeled data to available published data that included an estimate of between-individual variability and had a substantially female study population. This falls within the range of published data, shown in Table 1 . Figure 4 shows the variability in the relationship between a single blood sample, taken either in the morning or evening, and a hair cortisol concentration for 500 model simulations. As blood samples have much more within-individual variability than hair samples, the relationship between a single blood sample and a hair sample is weak. In this figure, the model was run so that one month (30 days of 24 h time cycles) of cortisol would accumulate in the hair. The blood draw, timed at the morning peak or the evening low, reflects 1 random day within that month. The model was run for 500 individuals. The weak correlation between a single blood sample and hair sample is likely due to the diurnal rhythm and pulsatile secretion of cortisol. Comparing the blood and hair concentrations, it is apparent that the morning sample has slightly less variability and may be the better sample for capturing the between-individual variation. This concept is also in the Supplementary Figure S5 , which models the variability in blood throughout the day showing the morning peak has the least variability.
Optimization of Cortisol-Sampling Protocol
DISCUSSION
In summary, we model the physiological secretion of cortisol into the blood in a pulsatile manner, the quick binding to albumin and CBG, and we use a net reaction rate to express the overall reduction in free cortisol from metabolic processes as this drives fecal and urinary excretion as well as incorporation into hair. We designed this model to interpret our own cortisol biomarkers.
To our knowledge, this is the first biokinetic model for cortisol that includes incorporation into hair and relates cortisol across urinary, salivary and blood concentrations. As hair cortisol is a novel and useful biomarker for chronic stress, determining its relationship to more widely used stress biomarkers contributes to its validation and utility. The mean hair concentration from our 500 simulations was 27 pg/mg. Although this concentration is within the range of published studies, it is slightly higher than reported means. Part of the discrepancy may be due to small amounts of cortisol washing out of hair over time. All of the comparison studies used 3 months of hair growth in their analysis and although a consistent washout rate for cortisol has not yet been reported, it is likely that over that time some cortisol washed out of the hair samples. Multiple studies have demonstrated washout of hair cortisol using segmental analysis; however, there is a lack of consistency in the quantification of a washout rate in humans. [22] [23] [24] 44 In primates, a controlled washout study showed up to 25% of cortisol washing out of hair with water and shampoo treatment. 44 As hair analysis becomes more common and washout rates are better characterized, we hope to include a rate constant for cortisol loss from hair in our model. If cortisol is washing out of hair, as described by the primate study, 44 it may explain why the published data, used to validate our model, have slightly more cortisol than our predicted hair concentrations.
This model has applications to epidemiological studies because it can relate cortisol concentrations across all common biomarker compartments. Many epidemiological studies aim to understand within-individual variability and differentiate between individuals and population outcomes. These studies may require longer-term average cortisol concentrations, such as hair samples, in addition to a few episodic stress biomarkers, such as salivary cortisol. Our biokinetic model will be useful for these types of studies because it will allow researchers to relate multiple cortisol measurements. This model is also applicable to understanding the differences between episodic and chronic stressors. Stress questionnaires can preface questions with phrases such as, ''in the last month'' or ''in the last week'' in order to focus on episodic or chronic stressors. The challenge is to integrate other measures of stress with biomarkers. Our biokinetic model provides some progress on this because we can now relate cortisol biomarkers to similar timescales and understand episodic and chronic kinetics with more detail.
The relationship between hair and blood concentrations is particularly important in maternal stress research. As the ability of maternal hair samples to quantify 9 months of chronic stress exposure 23 provides many benefits, the fetus is exposed to cortisol in the blood. Assessing this exposure is important because cortisol may be involved in the mechanism through which maternal stress exerts toxic effects on the fetus. 45 Although the placenta contains high concentrations of 11-b HSD2 enzymes that inactivate cortisol, 10-20% of maternal blood cortisol crosses the placental barrier. 46 This is important because fetal cortisol concentrations are typically much lower than maternal blood cortisol, so the 10-20% that crosses the placental barrier can cause fetal cortisol concentration to double. 46 Therefore, estimating the peaks in maternal blood cortisol concentrations is crucial to understanding potential fetal exposure patterns.
Using this model, we can estimate maternal blood cortisol peaks based on long-term cortisol records in hair. In addition, we can show how binding proteins influence peaks in the amount of bioactive cortisol in maternal blood. This is relevant to maternal stress assessment because serum albumin levels decrease during pregnancy 32 and CBG concentrations increase. 47 When adapting this model for pregnancy, albumin and CBG concentrations need to be changed according to trimester of prenatal development. Similarly, serum cortisol concentrations and serum volume change during pregnancy. 47 As we present rate-constant equations that include these variables, this model can be adjusted for trimester of pregnancy. By catering this model to trimester-specific pregnancy parameters, it is possible to gain a greater understanding of cortisol peaks in the maternal blood. Furthermore, we can use hair samples to understand the long-term average cortisol concentrations that appear as a result of the pulsatile peaks estimated in blood by our model. We used this model to address sampling protocol optimization. As many national longitudinal cohort studies are limited in the number of biological samples they can collect, store and analyze, we compared the variability between a modeled blood sample and its corresponding hair sample. We found results similar to Sauvé et al. 48 who reported no significant correlation between a single blood sample and a hair sample. Hair cortisol reflects the The hair cortisol concentration of our modeled data fall within the range of published studies.
accumulation of cortisol from blood over a longer period of time; an instantaneous blood sample does not usually reflect the same long-term average. Understanding the variability in cortisol concentrations across biomarkers and how they relate to one another is important because it allows scientists to optimize sampling protocol to reflect research goals. Future work using this biokinetic model to improve the specificity of pulse profiles and identifying maximum potential peaks might help distinguish between acute and chronic stress health risks. Overall, our biokinetic model provides an excellent framework to aid in the interpretation and integration of multiple cortisol samples from hair, saliva, blood and urine.
This model will allow researchers to integrate biomarker measures of acute and chronic stress across biomarkers. It is especially applicable to prenatal stress assessment because longterm hair cortisol concentrations can be related to instantaneous blood concentrations. The development of this tool is part of a formative research project by the National Children's Study. Figure 4 . Modeled data simulates the relationship between a single blood cortisol sample taken in the morning or the evening and a hair cortisol concentration. The simulation was run 500 times and blood was sampled either at the morning peak (left) or at 2000 hours (right). Geometric mean concentrations and SD (in parenthesis) are shown for hair (pg/mg) and blood (nmol/l).
